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The hemolytic manifestations of erythroblastosis fetalis have been shown by 
the studies of Levine (1) mad Wiener (2) to be due to transfer across the pla- 
centa of maternal isoantibodies that are specific for certain antigens,  notably 
those of the Rh-Hr system, contained in the red blood cells of the fetus.  The 
pathogenesis of other important aspects of this disease process--intrauterine 
death,  kemicterus,  and  hydrops  fetalis,  for  example--still  remain  obscure, 
however, and it is noteworthy in this relation that these manifestations of the 
disease  have  not  hitherto  been  reproduced  in  experimental  anlmals.  The 
studies herein reported deal with the recognition of two new allelic blood group 
antigens in rabbits and with the  characteristics of their specific immune iso. 
antibodies.  These blood group factors and  their  antibodies  axe of particular 
interest because they resemble in many respects those of the Rh-Hr system in 
man, and also because they provide opportunity for reproducing in a convenient 
laboratory animal some of the  serological and morphological phenomena as- 
sociated  with  erythroblastosis  fetalis.  These  phenomena  already  briefly  re- 
ported  1 will be described in detail in a  subsequent paper (4). 
Materials and Methods 
Antisera.--The original rabbit antiserum employed in these studies was generously sup- 
plied by Dr. J. J. Griffitts of the Blood Bank of Dade  County, Miami. This serum, which 
was obtained from one of twelve rabbits given repeated intravenous injections of red blood 
cells from rabbits of a presumably different strain, was found by Griffitts to contain an anti- 
body that agglutinated the saline-suspended red cells of some rabbits and not those of others 
(5). It thus became possible to divide rabbits into two groups--those whose red cells were 
agglutinated by this serum (positives) and those whose red cells it failed to agglutinate (nega- 
tives). Initially, a group of rabbits was typed with this serum and the negatives were then 
injeeted with blood taken  from positive animals. Several rabbits  so immunized developed 
antibodies in their serum that had identical specificity with that of the Griffitts serum. This 
* This investigation was  supported by research grants from the Public Health Service, 
the American Red Cross, and the New York Heart Association. 
1 For preliminary note, see Am. Y. Path.,  1952,  28,  539. 
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antibody will be referred to as anti-G, and the red cell antigen detected by it as G. Conversely, 
the injection of blood from negative rabbits into positives resulted, in a few instances, in the 
development of an antibody that agglutinated all G-negative cells and also some, but not 
all, G-positive cells. This antibody has been labelled anl/-g, and the antigen it identified, g. 
When it became apparent from genetic studies to be described in detail further on that G and 
g  were alleles, the corresponding genes were given the same designation as the particular 
antigen they determined. Thus, animals homozygous for G  or g were called GG and gg re- 
spectively, while the heterozygotes were designated Gg. 
Rabb/ls.--Adult animals of both sexes and of mixed breeds were used for the most part. 
These were supplied by a single dealer who obtained them from a number of different breeders 
in New England and in the area around New York City. A small number of inbred rabbits 
of the Havana and Dutch belted strains and a few wild cottontail rabbits were also used. 
Production of Ar~bodies.--The red cells used for injection were obtained from an appropri- 
ate donor rabbit by bleeding from the marginal ear vein into ACD solution (citric acid -  0.48 
gln.,  sodium  citrate-1.32  gin.,  dextrose-1.47  gin.,  water-100  ml.)  (6).  Approximately 
one volume of ACD solution was reqktired for every three volumes of blood. In this medium 
the red cells were preserved for as long as 1 week when stored in the refrigerator at 4°C. Just 
prior to each injection a portion of the red cells was washed once in 0.9 per cent saline, centri- 
fuged, and the packed cells diluted with four volumes of saline to make a 20 per cent suspen- 
sion. Such suspensions of red cells were injected intravenously into selected rabbits four times 
aweek forperiods of 4 to 6 weeks, beginning with 1 ml. per injection during the 1st week and 
increasing the amount injected by 1 ml. at weekly intervals until a  maximum of  5 ml. per 
injection was reached. The animals were bled from the heart or from an ear vein 5 to 10 days 
following the last injection. When the antibody response  was poor following one series of 
injections, the course was repeated one or more times. To maintain the antibody titer at high 
levels during prolonged periods of time, booster injections of 1 ml. were administered at weekly 
intervals. The sera were stored in the frozen state at --20°C.; they maintained their potency 
for 6 months, the longest period tested. 
Titration of An~ibodies.--These were performed by making serial twofold dilutions of the 
serum in saline. Two drops of each serum dilution were placed in a  small test tube to which 
were added two drops of a once washed S per cent suspension of appropriate red cells. The mix- 
tures of serum and cells were incubated in a  water bath at 37°C. for  15 minutes and then 
centrifuged at  1,000  R.P.~.  for 2 minutes. The tubes were agitated gently and read for ag- 
glutination both macroscopicaily and microscopically. The degree of agglutination was re- 
corded on an arbitrary scale from +-b-b+  to 0 with +q-q-+  representing agglutination of 
the ~kd cells into a solid clump; +++,  the presence of large readily visible clumps; ++,  the 
presence of small clumps just visible to the naked eye; +, small clumps seen with the aid of 
the low power  of the  microscope, and 0, the  absence  of  agglutination on microscopic  ex- 
amination. 
All tubes read as negative were then subjected to an antiglobulin test (referred to herein- 
after as the Coombs test)  to detect the presence of the coating type of antibody (7). The 
term "coating" antibody as used in these studies denotes an antibody that combines with a 
specific antigen contained in the red cells without causing agglutination of the red cells, the 
union of antibody and cellular antigen being demonstrable by application of the Coombs test. 
The reciprocal of the highest dilution of serum showing agglutination of the test cells in saline 
was considered the titer of agglutinating antibody, and that of the highest serum dilution 
showing agglutination in the Coombs test, the titer of coating antibody. Because of the well 
known variation in antibody titrations, differences in titer of two tubes or less (i.e. a fourfold 
difference or less)  were not considered significant. 
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to two drops of a once washed 5 per cent saline suspension of the red cells to be typed. The 
tubes were incubated for 15 minutes in a water bath at 37°C., centrifuged at 1,000 R.p.xt. for 
2 minutes, and then read for agglutination in the gross and microscopically. The presence 
of agglutination indicated the presence of the corresponding antigen in the red cell. When the 
test serum contained only a coating antibody, the mixture of serum and cells was subjected to 
the Coombs test following incubation.  Appropriate controls with known cells were run simul- 
taneously  in all instances. 
Preparation of Coombs Serum and Performance of Coombs Test.--Anti-rabbit  globulin 
serum (Coombs serum) was made by immunizing guinea pigs with alum-precipitated rabbit 
globulin prepared according to the method of Kabat and Mayer (8). The guinea pigs were 
given 1 to 2 ml. of this material subcutaneously four times a week for 5 weeks. 1 week after 
the last injection  the animals were bled from the heart and the serum was tested for its ability 
to agglutinate normal and coated rabbit red cells. In most instances the guinea pig serum 
agglutinated normal rabbit cells in a dilution of 1-16 or 1-32 whereas rabbit red cells pre- 
viously incubated with a coating antibody  were agglutinated in dilutions of 1-512 or higher. 
The serum was inactivated at 56°C. for 30 minutes and absorbed two or three times with 
equal parts of packed normal rabbit red cells. Only those sera were used for the Coombs test 
that: after absorption, agglutinated coated rabbit cells in a dilution of 1-128 or higher and 
did not agglutinate normal rabbit cells. The Coombs serum was preserved at --20°C.; if the 
titer was greater than 128, it was diluted to this range with saline prior to use. 
The Coombs test for detecting the presence of coating antibody on rabbit red cells was 
performed by adding two drops of Coombs serum to two drops of thrice washed cells in a 
test tube. This mixture was incubated in a water bath at 37°C. for 15 minutes, centrifuged, 
and read for agglutination in the gross and microscopically. The degree of agglutination  was 
recorded as previously described. Appropriate positive and negative controls were included 
in all cases. 
Distribution of Factors G and g in Rabbit Erytkrocytes 
To determine the distribution of the factors G  and g  in rabbits, blood typ- 
ings were performed with red blood cells obtained from a  large population of 
rabbits of mixed breeds, as well as with those from smaller groups of animals 
of inbred strains. Red blood cells from 215 unselected rabbits were tested with 
both antisera. From the data of Table I  it can be seen that 25.6 per cent of 
these  rabbits had  red  cells that  reacted  only with  the  anti-G serum, while 
17.7 per cent of the animals provided cells that reacted only with the anti-g 
serum, and 56.7  per  cent had  erythrocytes that  were  agglutinated by both 
sera. Subsequently nine Dutch belted, six Havana, and ten cottontail rabbits 
were similarly tested. The red cells of five of the Dutch belted rabbits reacted 
only with the anti-G serum and the remaining four with both sera; the red 
cells of all six Havana rabbits were  agglutinated only by the anti-g serum; 
and those of all ten cottontail rabbits reacted only with the anti-G serum and 
not with the anti-g serum. 
It is significant that the red cells tested were without exception agglutinated 
by one or the other or both of the antisera used, the finding indicating that 
there were no rabbits that were group O with respect to the G-g factors. This 
fact serves to separate the G-g factors from the pair of allelic rabbit blood group 36  ERYTHROBLASTOSIS  ]~ETALIS.  I 
factors previously described by Castle and Keeler (9) in which some 7 per cent 
of cells tested failed to react with the antisera used. Furthermore, the pattern 
of distribution of the G and g antigens, plus the failure to observe any group O 
animals, suggested strongly that the genes for G and g were alleles. This was 
subsequently confirmed by genetic studies which will be described further on. 
Hence the animals with cells that were agglutinated by only one of the sera 
were considered to be homozygotes (GG or gg) and those with cells that re- 
acted with both sera were considered heterozygotes (Gg). 
It was noteworthy that there was a wide difference in the degree of agglutina- 
tion of g-positive  cells, some regularly giving  strong  (4+)  reactions,  while 
others, representing  about 20 per  cent of the total, gave very weak  (1+) 
reactions even though the same agglutinating anti-g serum was employed. The 
difference could not be related to homozygosity  or heterozygosity  with respect 
to the g factor, for some gg cells gave weak reactions and some Gg cells were 
TABLE  I 
Typing of Red  Cells from 215  Rabbits with Anti-G and Anti-g Sera 
Reaction of red cells and antiserum 
Anti-G 
Fos, 
Pos. 
Neg. 
Neg. 
Anti-g 
Neg. 
Pos. 
Pos. 
Neg. 
No. of rabbits 
55 
122 
38 
0 
Per cent of total 
25.6 
56.7 
17.7 
0 
Probable genotype 
GG 
Gg 
gg 
Pos.  --  agglutination of red cells by antiserum. 
Neg.  --  absence of agglutination. 
strongly! agglutinated. The difference may be related to qualitative variations 
in the g antigen. Such differences are well known in the ArA~ and the D-Du 
blood groups in man (10, 11) and a similar situation has recently been described 
in certain blood groups in dogs (12). The weakly reactive g factor appeared to 
be genetically determined, for in several litters born to rabbits with weakly 
reactive g red cells it was observed that the cells of the offspring also were only 
weakly agglutinated by anti-g sera. No such difference in agglutinating prop- 
erties was observed with G-positive cells, whether homozygous (GG) or hetero- 
zygous (Gg). 
Genetic Determination  of  Red  Cell  Factors G  and  g. 
A number of experiments were performed to determine whether the presence 
of the G or g antigen in the red cell was an inherited characteristic and also 
to learn what genetic relationships,  if any, these factors have to each other. 
Forty-four matings, comprising the six possible combinations of the G and g factors, were 
performed as indicated in Table II. The red cells of all the offspring of these matings, whether A.  KELLNER  AND  E.  F.  HEDAL  37 
live- or dead-boru, 252 in all, were typed with both anti-G and anti-g sera. Blood for these 
tests was obtained from the newborn rabbits either at birth or during the first 24 hours of life 
by means of cardiac puncture using a syringe and 27 gauge needle. The red cells of newborn 
rabbits were found to react quite as strongly with the antisera as did those of adult animals. 
A considerable number of rabbits were retyped at several months to 1 year of age; the results 
of these tests were identical with those observed immediately after birth. 
It is clear from the data of Table II that the presence of the G or g antigens 
in  the  red  cells is  a  genetically determined characteristic transmitted  from 
parent to offspring. For in every instance in which one parent was homozygous 
for G or g, that factor was present in the red cells of all the progeny; while 
conversely, in no instance in which a  factor was absent from the red cells of 
both parents was it found in those of the offspring. Furthermore, no group O 
TABLE II 
Inheritance  of Red Call Factors G and g 
Blood types 
of parents 
GG x GG 
GGxGg 
GG x gg 
GgxGg 
Ggxgg 
gg x gg 
Total .... 
No, of mafings 
3 
5 
21 
10 
3 
2 
44 
No. of offspring 
13 
39 
123 
46 
16 
15 
252 
GG 
13 
19 
0 
9 
0 
0 
Blood types of offspring 
Gg 
0 
20 
123 
30 
10 
0 
gg 
0 
0 
0 
7 
6 
15 
GG -- red cells reacted with anti-G and not with anti-g serum. 
Gg ffi red cells reacted with anti-G and anti-g sera. 
gg =  red ceils reacted with anti-g and not with anti-G serum. 
babies were observed in any of these matings. These findings justify~ the con- 
clusion that G and g axe indeed allelic characteristics, It is apparent also that 
G and g axe neither dominant nor recessive characteristics with respect to each 
other, each antigen even if present in association with the other being demon- 
strable by means of the appropriate antiserum. 
Tests for Presence of G-g Antigens in Cells of Other Tissues and in Body Fluids 
The A and B agghtinins of man are found not only in erythrocytes but also 
in the cells of other body tissues and, in soluble form, in the plasma, saliva, and 
gastric juice; the antigens of the Rh-Hr system, by contrast, are found exclu- 
sively in the red blood ceils (10). A number of experiments were done in order 
to learn whether the G-g factors in rabbits are limited to the red ceils or whe- 
ther they are also contained in other tissues and body fluids. 
Tests for the G-g factors in tissues or body fluids were made by determining the ability of 
the tissue or fluid to neutralize the specific antibody in a serum of known potency. Kidney, 38  ERYTHROBLASTOSIS ]~ETALIS.  I 
liver, heart,  skeletal muscle, gastric juice, and blood serum were obtained from normal GG 
and gg rabbits. The tissues were homogenized in a Waring blender and then washed five times 
with large volumes of saline. In two instances the kidneys were perfused in situ with saline 
through the renal artery until the perfusate wa  s clear, following which they were homogenized 
and washed. After the final washing, the homogenates were packed by centrifugation and the 
supernatant fluid discarded. Equal volumes of packed tissue homogenate and anti-G or anti-g 
serum were incubated overnight at 4°C., following which the mixture was warmed to 37°C. for 
15 minutes, centrifuged, and the supernatant serum drawn off. Serial dilutions of this super- 
natant were then tested for ability to react with appropriate red cells, and the titer compared 
with that of the same serum, unabsorbed,  against the same cells.  The ability of intact red 
blood cells from GG and gg animals to absorb out specific antibody was tested in a  similar 
manner, though without prior homogenization. In the tests conducted with normal serum or 
gastric juice, these were mixed with equal parts of the antiserum to be tested and then incu- 
bated and treated in the same manner as were the tissue homogenates, the dilution factor being 
taken into consideration in calculating the final titers. 
TABLE III 
Absorption  of Anti-G and Antl,-g Antibodies from Serum  by Speciflx Red Cells 
Serum 
Anti-G 
Anti-g 
Absorbed with 
(Not absorbed) 
gg red cells 
GG red cells 
(Not absorbed) 
GG red cells 
gg red cells 
Undiluted 
+++ 
+++ 
0 
+++ 
+++ 
+ 
Titer* 
++ 
++ 
0 
++ 
++ 
o 
++ 
++ 
0 
++ 
++ 
0 
++ 
++ 
0 
++ 
+ 
0 
+ 
+ 
0 
+ 
+ 
o 
32 
+  o 
+  o 
o  o 
o  o 
o  o 
o  o 
* Anti-G titered with GG cells, and anti-g with gg cells. 
Incubation of anti-G serum with red cells from GG rabbits and anti-g serum 
with red cells from gg rabbits resulted in every instance in a  significant reduc- 
tion  in  antibody titer and  often in  its  complete  disappearance (Table III). 
On the other hand, incubation of the same sera with tissue homogenates from 
GG and gg rabbits in most instances had no effect on the agglutinating titer 
of the anti-serum or resulted in  only a  one- or two-tube reduction in  titer. 
These latter changes were not considered significant because they fell within 
the normal variation for such titrations and particularly because the homog- 
enates  unavoidably contained varying  amounts  of fluid which  diluted  the 
test serum to some extent. Table IV gives the results of a  typical experiment 
in which kidney homogenates were used,  while Table V  contains data from 
another representative experiment in  which gastric juice and normal rabbit 
serum were employed. None of these materials, it will be noted, brought about 
any appreciable reduction in the titer of the anti-G or anti-g sera with which 
they were incubated. Similar results were obtained with tissues and fluids from A.  KELLNER  AND  E.  F.  HEDAL  39 
four rabbits tested against  four different  antisera.  Thus  it  appears that  the 
antigens G and g are, like the Rh factors, associated with erythrocytes but not 
with the ceils of other tissues or with body fluids. 
TABLE  IV 
Effect of Incubation  with Rabbit Kidney Homogenates upon  Titer of Anti-G and Anti-g Sera 
Sexam 
Anti-G 
Anti-g 
Control 
Incubated  with  kidney 
homogenate from  GG 
rabbit 
Control 
Incubated  with  kidney 
homogenate  from  gg 
rabbit 
Undilut~  2  4 
+++  ++  ++ 
+++  ++  ++ 
+++ 
++++ 
Titer* 
++ 
++ 
++ 
++ 
8 
++ 
+ 
+ 
+ 
16 
+ 
+ 
+ 
0 
32  54 
+  o 
o  o 
o  o 
o  o 
* Anti-G titered with GG cells, and anti-g with gg cells. 
TABLE  V 
Effect of Incuboaon  with Gastric Juice upon  Titer of Anti-G and Anti-g Sera 
Titer* 
Serum  Incubated with 
Anti-G 
Anti-g 
Saline 
Gastric juice from 
a  GG rabbit 
Saline 
Gastric juice from 
a gg rabbit 
I0  20  40  80  160 
++++++++++++  +++  +++ 
++++++++++++  +++  i+++ 
++++  ++++  ++++  ++++  +++ 
++++  ++++  ++++  ++++  +++ 
I 
320 
++ 
++ 
640 
_  _  -~- 
+ 
++ 
+ 
2801256C 
o  o 
o  o 
+  + 
+  o 
5120 
0 
o 
* Anti-G titered with GG cells, and anti-g with gg cells, 
Antigenicity  of the G and g Factors 
That the red cell factors G and g are antigenic was readily demonstrated by 
the fact that injections of cells containing one or the other factor into rabbits 
lacking it resulted in most instances in  the production of antibodies specific 
for the factor injected. Thus eight out of twelve gg rabbits given injections of 
GG cells developed anti-G antibodies, and similarly, five out of six GG rabbits 
produced anti-g antibodies when injected with gg cells.  There was,  however, 
considerable variation in the ability of different rabbits to produce antibodies 
upon stimulation. A few animals produced no antibodies even after numerous 40  ERYTHROBLASTOSIS ~'ETALIS. I 
injections during a period of months; others produced antibodies with remark- 
able facility and had titers of 2,000 or higher after 4 weeks of injections.  In 
general,  most  rabbits  had  anti-G  or anti-g  titers  in  the range  of 64 to 512 
after 4  to 6 weeks of injections.  Fig.  1 illustrates  a  representative  antibody 
response by a GG rabbit given repeated injections of gg cells. Of the two blood 
factors,  g  appeared  to be a  better antigen  than  G,  for anti-g  antibody was 
produced more readily and in higher titer than was anti-G. 
TITER 
16,384. 
8, 192! 
4,096 
2,048 
1,024 
512 
256 
128 
64 
32 
16 
PACKED  8 
gg R.B.C, 
(ML.)  4 
0 
"oi 
I  i 
/ 
/ 
I  I 
..!  1.1,1  ' 
I  !  ! 
0  I  2 
S 
j  **sO ~m 
'  ,%  / 
i  #'  %  j, 
,  /  "~  s ~'  COATINO  ANTI-g 
/  ",,o  I  '  0 
I 
I 
t 
I 
i 
,IIIH 
I  I  ii  I  i I  I  Ii  I 
Fzo. 1. Antibody response of a GG rabbit given injections of gg red blood cells. 
Ckar~terization of tke Isoant~bod~es 
The  anti-G  and anti-g  antibodies in these studies were all of the immune 
variety, produced quite readily and in high titer by the injection of G-positive 
cells into  G-negative  (gg)  rabbits  and  g-positive  ceils into  g-negative  (GG) 
rabbits,  respectively.  Similar  antibodies,  though  in  considerably lower titer, 
were also produced as a  result  of the isoimmunization  of pregnancy,  a  phe- 
nomenon that will be discussed in more detail in the accompnaying paper (3). 
No naturally  occurring antibodies to the G and g factors were found, though 
these were sought for repeatedly. 
The antisera that resulted from the injection of G and g cells into appropriate 
rabbits in most instances contained both agglutinating  and coating antibodies 
(Fig.  1), though very occasionally sera were obtained that seemed to contain 
either agglutinins alone or coating antibodies alone. The titer of both types of 
7  8  9  I0  II  12 
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antibody remained elevated for several weeks following a course of immuniza- 
tion and then declined slowly. In those cases in which the antibody titer had 
dropped, one or more booster injections usually served to stimulate a prompt 
rise which often exceeded the original  level.  The coating antibody generally 
responded better to such restimulation than did the agglutinin.  It is of interest 
in this  connection to point out that  the titers of agglutinating  and  coating 
antibody in any one serum bore no constant relationship to each other,  and 
though fluctuations in the titer of both were generally in the same direction, 
the magnitude  of the change with respect to each other was in many cases 
strikingly different. Thus, in one experiment, the titer of agglutinating anti-G 
in the serum of a rabbit increased twofold while the titer of the corresponding 
coating antibody in the same serum underwent a  sixteenfold increase.  Both 
agglutinating  and coating antibodies showed identical cellular  specificity and 
both could be absorbed out of the serum by red cells containing the appropriate 
antigen. Furthermore, both the anti-G and anti-g aggintlnins and coating anti- 
bodies could be eluted from the agglutinated or coated cells by heating to 56°C., 
and  the eluate obtained was capable of agglutinating  or coating other cells. 
Despite the fact that  both anti-G  and anti-g  antibodies coated red cells, 
neither acted as a  true blocking antibody. Thus, for example,  G-positive red 
cells  incubated  with  a  potent  coating  anti-G  serum  were  unagglutinated, 
though  they were heavily doated  as  could be demonstrated  by a  strongly 
positive Coombs test; the addition of an agglutinating  anti-G serum to such 
coated cells resulted in prompt agglutination, the finding showing that despite 
the coating with specific antibody the ability of the cells to react with aggluti- 
nating antibody was not blocked. This finding,  it may be noted, is in sharp 
contrast to the fact that certain Rh antibodies readily block the corresponding 
agglutinins (13). A further difference in this connection is the fact that coated 
G and g red cells did not agglutinate when suspended in 20 per cent bovine 
albumin or in normal rabbit plasma (Tables VI and VII), whereas human red 
cells coated with Rh antibody are readily agglutinated in 20 per cent albumin, 
normal human serum,  or other high protein media (14). 
Action  of C--g Antibodies on  Trypsin-Trea~d Red CeUs.--It  is  well known 
that human red cells subjected to the action of trypsin or other proteolytic 
enzymes become more susceptible to  the action  of certain  agglutinins,  and 
furthermore,  that such enzyme-treated cells may be agglutinated by coating 
antibodies even though suspended in saline (15). A number of experiments were 
therefore done to determine the effect of anti-G and anti-g sera on trypsin- 
treated G and g rabbit red cells. 
A  1 per cent trypsin solution was made by adding 1.0 gm. of crude commercial trypsin 
(Difco 1-250) to 100 ml. of 0.9 per cent saline; this solution was cleared and sterilized bypassing 
it through a Seitz filter. Trypsin-treated red cells were prepared by adding 1 part of this solu- 
tion to 9 parts Of a 20 per cent suspension of once washed red cells and incubating the mixture 42  ERYTHROBLASTOSIS I~ETALIS. I 
TABLE VI 
Effect of Bovine Albumin, Normal Rabbit Serum, and Trypsin-Treated  Ceils upon the Tiler 
of an Anti-G Serum 
Red ceils  Suspended  in  (Go) 
Normal  Saline 
Normal  30 per cent 
bovine al- 
bumin 
Normal  Normal 
rabbit 
$ermn 
Normal  (Coombs 
test)* 
Trypsin-  Saline 
treated 
Un~lu~  1 
+444 
4444 
+++4 
w 
+44+ 
Titer 
4 
+++ 
4++ 
++++ 
++++ 
8  16 
4++  44 
4+  +4 
+++  ++ 
m 
4+++  ++++ 
32 
+ 
+ 
++ 
+44 
4+44 
64 
0 
+ 
0 
++4 
+++ 
128  256  512  1024 
0  0  0  0 
0  0  0  0 
0  0  0  0 
4444+4  0 
++4  +4  +  0 
* Coombs test done on all mixtures of antiserum and saline-suspended normal cells that were 
read as +  or negative. 
TABLE VII 
E~ec~ of Boelne Albumin, Normal  Rabbis Serum,  and  Trypsin-Treated  Cells upon  t~ 
Titer of an Anti-g Serum 
Red cells 
(ag) 
Normal 
Normal 
Normal 
Trypsin- 
treated 
Suspended in 
Saline 
30 per cent 
bovine al- 
bumin 
Normal rab- 
bit serum 
(Coombs' 
test)* 
Saline 
Titer 
Undiluted  20 
U 
4+++  ++44 
80  1~ 
o 
4 
+  0 
444444+4 
+4444+4+ 
320 
0 
0 
0 
44+ 
+4+ 
640  1280 
0  0 
0  0 
0  0 
--I-4  + 
+4  44 
256~ 5120 
0  0 
0  0 
0  0 
+o 
4o 
* Coombs test done on all mixtures of antiserum and saline-suspended  normal gg cells that were 
4  or negative. 
in a 37°C. water bath for 10 minutes. The cells were washed three times in saline to remove 
the trypsin and resuspended in saline to a 5 per cent solution. 
As is shown  in Tables VI and VII, the action of trypsin did alter the ag- 
glutinating properties of both G  and g  cells, for following trypsination they 
were agglutinated from saline suspension by coating anti-G and anti-g sera. 
Trypsin-treated cells were about as sensitive as Coombs serum in detecting A.  KELLNER  AND  E.  F.  HEDAL  43 
coating antibodies,  though they were not used as routine for this purpose, 
because they were more susceptible than normal ceils to the action of cold ag- 
glutinins sometimes present in rabbit sera~ and also, because on occasion, for 
reasons that are not clear, they were found to be spontaneously agglutinated. 
The titer of agglutinating antibodies was not enhanced by the use of trypsin- 
treated test cells. 
Thermal Amplitude and Heat Stability.--In contrast to the relatively narrow 
temperature range within which the antibodies for human red cell antigens 
exhibit  optimal activity (37°C.  for anti-Rh,  anti-Kell and  anti-Duffy, and 
4°C. for anti-A, anti-B, anti-P,  and anti-Lewis (16)),  the anti-G and anti-g 
antibodies were found to be  equally active over a  broad temperature zone. 
As shown in Table VIII, their ability to agglutinate and to coat red cells was 
TABLE viii 
Titration of A nti-G and Anti-g Sera at Varying Temperatures 
Serum snd cells 
Anti-G and GG cells 
Anti-g and gg cells 
Tam-  ! 
persture* of i 
incubation 
Titer 
4 
23  --b+++[++++ 
37  ++++[  +++ 
4  ++++1++++ 
23  ++++[  +++ 
37  ++++1++++ 
16 
+++ 
+++ 
+++ 
+++ 
32 
++ 
++ 
++ 
++ 
++ 
++ 
64 
o 
o 
o 
++ 
++ 
++ 
o  o 
o  o 
+  + 
+  + 
512 
o 
o 
0 
* Mixture of serum and cells incubated for 30 minutes at stated temperature. 
not appreciably influenced by temperatures ranging from 4°C. to 37°C. Despite 
this wide thermal amplitude, most of the studies herein described were per- 
formed at 37°C. rather than at room temperature because of the presence of 
non-specific cold agglutinins in normal rabbit sera. 
The data contained in Table IX demonstrate that the anti-G antibodies, 
both agglutinating and coating, were heat-stable. Heating the serum at 56°C. 
for 30 minutes had no effect on the activity of the antibodies, and even after 
heating at 65°C. and at 70°C.,  only slight reduction in the agglutinating and 
coating ability of the serum was noted. Similar heat stability could be demon- 
stinted for anti-g sera. 
Hemolytic and Complement-Fixing A cti~ty.--Anti-G and anti-g sera, in addi- 
tion to  their agglutinating and  coating properties,  were  also  able  to  cause 
hemolysis when incubated with appropriate cells in the presence of fresh guinea 
pig complement. The titer of this hemolytic activity was, in the case of both 
antisera, approximately the same as that of the corresponding agglutinating 
antibody (Table X).  Furthermore, in a  number of experiments it was found 44  ERYTHROBLASTOSIS  ~ETALIS.  I 
that anti-G sera were capable of fixing complement when stroma from G red 
cells was used as the antigen in the system but not when stroma from g cells 
was employed. It was not possible in preliminary experiments to demonstrate 
complement fixation by means of anti°g sera in mixture with g-cell antigen. 
TABLE IX 
Heat Stability of Anti-G Serum 
Temper- 
ature* 
37 
56 
65 
7O 
Titer 
Anti-O 
Undiluted  2  64  128 
Agglutiniu ~ 
Coating~  i 
Agghfinin 
Coafing~ 
Agglutinin 
Coafing~ 
Agglutinin 
CoatingS: 
++++ 
++++ 
++++ 
+++ 
++++ 
++++ 
++++ 
+++ 
4  Is 
+++++ 
+++++ 
+++++ 
++  ++ 
16  32 
++  ++ 
++  ++ 
+  0 
+++ 
+  0 
++ 
o 
+++ 
o 
+++ 
o 
+++ 
o 
++ 
o 
++ 
o 
+++ 
o 
+4- 
o 
+4-- 
256  512  1024 2048 
0  0  0  0 
++  ++  ++  0 
0  0  0  0 
++ ++ ++  + 
0  0  0  0 
++ ++  ++!  o 
o  o  o  o 
++ ++  +  o 
* Portions of the same serum heated at stated temperature for 30 minutes prior to addition of 
celh. Mixture of serum and cells then incubated at 37°C. 
Coombs test done on all mixtures of serum and celis that showed no agglutination. 
TABLE X 
Compar~on  ~  Agglutinin  a~  Hemolysin  Titer  ~  an A~G  Serum 
Agglutinin* 
Hemolysin~; 
++++ 
[++++ 
Titer 
1__ 0  2s__ _o  s1_!2  102  
++++i+++i+++I+++I++i++i++  o 
+++  I ++  I ++  [ ++  I++I++I  +  I ° 
* 2 drops each of serum, cells, and saline incubated for 45 minutes at 37°C. 
2 drops each of serum, cells, and 1-10 dilution of fresh guinea pig complement  incubated for 45 
minutes at 37°C 
Other Rabbit Isoantibodies.--In  view of the fact that whole rabbit red cells 
and not purified antigens were used to stimulate the production of anti-G and 
antiog antibodies, it is not surprising that other antibodies were also encoun- 
tered during the course of repeated immunizations. At least two such antibodies 
with specificifies quite different from anti-G and anti-g have thus far been iso- 
lated  and  tentatively labelled  antioH  and  anti-J.  Fortunately,  these  latter 
antibodies were present in relatively low titer and it was possible to absorb A. ~LL~R  AND  E. ~. ~D~  45 
them out of the serum quite readily with appropriate red cells or to dilute the 
serum beyond the point of their activity without impairing appreciably the 
usefulness of the anti-G or anti-g sera. The characteristics of these antibodies 
and the nature and distribution of their respective antigens remain to be studied. 
DISCUSSION 
The development of immune isoantibodies  in rabbits given repeated injec- 
tions of rabbit blood has been noted previously by Robertson and Rons (17), 
Levine and Landsteiner (18, 19), Castle and Keeler (9),  and Heard, Hinde, 
and Mynors (20), though, with the exception of those studied by Castle and 
Keeler, the antibodies and the corresponding red cell antigens were not charac- 
terized sufficiently to  permit  comparison with  the  G-g  system herein de- 
scribed.  2 
A  number of facts  make it appear quite  likely  that the allelic  blood group 
factors  HrH2 identified  by Castle and Keeler (9),  and extensively  studied by 
Fischer (23)  represent  a different  system from that of  the G-g antigens.  Firstly, 
some 7  per cent  of  all  rabbits  tested  with anti-Hi and anti-H2 sera  were found 
to belong to group O--that is to say, their  red cells  contained neither of the 
two antigens--whereas the red cells  of all rabbits  thus far tested  with anti-G 
and anti-g  sera  reacted with one or the other or with both. Furthermore,  the 
distribution of HI, HIHs, and Hs rabbits in a random population  differed 
significantly  from that found for GG, Gg, and gg animals, the distribution  of 
the three  blood types being 28 per cent,  21 per cent,  and 44 per cent, respec- 
tively,  in  the former system, and 25.6  per cent,  56.7  per cent,  and 17.7  per cent 
in the latter.  In view of the finding  that some g cells  reacted  poorly even with 
potent anti-g  serum, the possibility  should be considered that the discrepancy 
in the distributions  and also  the occurrence of group O  cells  in the studies  of 
Castle and Keeler could be due to unrecognized weakly reactive  g cells.  This, 
however, is quite  unlikely;  firstly,  because on this  basis  the incidence  of one 
of the homozygotes, either  H~ or H2, should be lower than the observed 17.6 
per cent incidence of gg animals and not higher; and, secondly, because the 
occurrence of weakly reacting  g cells  exceeded by far  the incidence  of group O 
cells  found by Castle  and Keeler. It seems reasonable to conclude from the 
data available  that the rabbit  antigens G and g are  probably different  from Hx 
and H2 and thus represent  blood group factors  hitherto  undescribed. 
The presence of coating antibodies  in the serum in response to stimulation 
by injected  erythrocytes (or by pregnancy) is a phenomenon that has been 
i  A naturally  occurring  antibody  specific  for  human group  A cells  has  also  been  observed 
in  some rabbit  sera  (21);  the  antibodies  to  the  G and  g factors  differ  from  this  antibody  not 
alone  because  they  have  been  found  only  following  specific  immunization, but also  because 
incubation  of  anfi-G  and anti-g  sera  with  group  A cells  or  with  highly  purified  A substance 
did  not  alter  the  titer  of  the  sera  when tested  with  rabbit  G and  g  cells  (22). 46  ERYTHROBLASTOSIS  ~ETALIS.  I 
observed in connection with the Rh-Hr, Duffy, Kell,  and Kidd antigens  in 
man (24-27),  and with the A antigen in dogs (12), and such antibodies have 
been  referred  to  variously  as  "univalent,"  "incomplete," "blocking,"  and 
"hyperimmune"  antibodies.  That  the  coating  anti-G  and  anti-g  antibodies 
herein described are specific antibodies is demonstrated by a number of facts: 
firstly, such antibodies coated only those cells that were agglutinated by their 
corresponding  agglutinating  antibodies;  secondly,  the  antibodies  could  be 
eluted from the cells by heating them in saline  at 56°C.,  and the eluate was 
then capable of coating fresh cells; and  thirdly,  the antibodies agglutinated 
trypsin-treated cells containing the corresponding  antigen in about the same 
titer  as  their  coating  effect on  the  same  cells,  without  trypsin  treatment, 
could be demonstrated  by means  of the  Coombs test.  Thus  it  is  apparent 
that a specific antigen-antibody combination takes place between the coating 
antibody and the cellular antigen, though for reasons not well understood, such 
union is not followed by agglutination  of the cells unless the antigen  is first 
altered by proteolytic enzymes or an anti-rabbit globulin serum is added sub- 
sequently. 
Since  the  methods  used for  recognizing  the  G-g  coating  antibodies  (the 
Coombs test and trypsin-treated  cells)  are considerably more sensitive than 
the  technique  of direct  cellular  agglutination,  the possibility must  be con- 
sidered that what have been regarded as separate coating and agglutinating 
antibodies  may  in  fact  represent  the  same  antibody detected by different 
techniques,  the more sensitive methods merely detecting the same antibody 
in higher dilutions of serum.  Consideration of the facts at hand, however, does 
not bear out this possibility. For the original  Griffitts serum used in these stud- 
ies, as well as  several obtained thereafter by the  injection of red  cells  into 
rabbits, contained only agglutinating antibodies and these often in high titer; 
and the titer of these sera was not appreciably enhanced by use of the Coombs 
test or trypsin-treated cells. Furtherm6re, scrutiny of a large number of serum 
titrations reveals no constant difference between the titer obtained by direct 
cellular  agglutination  and  that  obtained with  the  Coombs test  or  trypsin- 
treated cells, which would be expected if the different end-points were only a 
measure of the relative sensitivity of the test procedures employed. Moreover, 
titrations for coating and agglutinating antibodies using serum obtained from 
the same animal at different times bore no constant quantitative relation to 
each other (see Fig.  1). The data are best explained  by the assumption that 
the agglutinating and coating antibodies are separate antibodies with the same 
antigenic s~)ecificity. 
The idea has been advanced that  structural differences  are responsible for 
the different serological reactivities manifested by the agglutinating and coat- 
ing antibodies (2). It has been shown, in the case of the Rh antibodies at least, 
that the coating antibodies pass through the placenta more readily than do the A.  ~LL~R  AND  E.  ~.  ~D~  47 
saline  agglutinins  (28),  and also,  that upon fractionation of the plasma pro- 
teins  the Rh  agglutinins  and  coating antibodies are distributed  in  different 
fractions (29-31). Such differences  have not as yet been demonstrated in the 
case of the  G-g  antibodies.  Both the coating and  agglutinating  anti-G and 
anti-g antibodies of rabbits are capable of crossing  the placenta from mother 
to fetus with equal facility, for, as will be demonstrated in the accompanying 
paper, the titer of these antibodies in the serum of the fetus was generally the 
same as that of the mother. Whether these rabbit antibodies can be separated 
by chemical or electrophoretic means remains to be determined. It is of interest, 
too, that the same antigenic stimulus is capable of eliciting  the production of 
either agglutinating or coating antibodies, or of both; for though most rabbits 
that were given injections of rabbit red cells developed both agglutinating and 
coating antibodies, some were encountered in which only agglutinating or only 
coating antibodies followed the injection of cells of the same type. The mecha- 
nism responsible for the production of these antibodies having the same serolo- 
gical  specificity though somewhat different reactivity is at present  obscure. 
The problem has considerable practical significance for there is clinical evidence 
to  suggest  that  the  Rh-blocking antibody is much  more  important  in  the 
pathogenesis of erythroblastosis fetalis in human beings than is the correspond- 
ing agglutinin  (28). 
The similarities  between the antigens and antibodies of the G-g system in 
rabbits and those of the Rh-Hr system in man are quite striking. In both sys- 
tems the antigens  are genetically transmitted  characteristics  determined by 
allelic genes.  In both cases the antigens have been identified  only in the red 
blood cells and not in the tissues or body fluids. The specific antibodies do not 
occur naturally and have been found only as a result of immunization by the 
injection of specific red cells or during pregnancy where the fetal red cells con- 
tained a factor not present in those of the mother. The antibodies are of both 
agglutinating  and  coating  varieties,  and  the  coating  antibody in  each  case 
may be detected equally well by Coombs serum or by trypsin-modified red 
cells. In addition, the antibodies in both systems are heat-stable and are active 
at 37°C.  Certain dissimilarities  between the serological  activities of the anti- 
bodies in the two systems were also noted. The anti-G and  anti-g antibodies 
were found to be capable of hemolyzing red cells  readily in the presence of 
complement; the Rh antibodies, on the other hand, do not usually possess such 
hemolytic activity, though some hemolysis has been reported by Hill and Ha- 
berman  following  the incubation of Rh antibody with appropriate  red cells 
and complement for 24 hours (32). Furthermore, the Rh or Hr coating antibod- 
ies, while incapable of agglutinating  cells suspended in saline,  do agglutinate 
cells  that  are suspended in albumin  or in normal  blood serum;  such media 
have little or no effect on the agglutinating  properties of the coating anti-G 
and anti-g sera. And finally,  most Rh-Hr coating antibodies also act as block- 48  ]ER~TIiROBLASTOSIS  I?ETALIS.  I 
ing antibodies--that  is,  Rh-positive ceils  coated with  Rh  antibody are not 
agglutinated upon the addition of potent Rh-agglutinating antibody--whereas 
this  blocking phenomena has not been  observed with the antibodies to the 
G and g factors. It  should be pointed out, however, that there have been de- 
scribed examples of Rh antisera which, like anti-G and anti-g,  coat P.h-positive 
ceils but do not block their subsequent agglutination by anti-Rh agglutinins 
(30). 
The close parallel between the serological properties of the antigens and anti- 
bodies of the two systems suggests that the G-g system in rabbits may provide 
a  suitable means for reproducing experimentally some of the  serological  and 
morphological  phenomena  associated with  erythroblastosis  fetalis in  human 
beings and thus provide the opportunity of studying under controlled condi- 
tions those aspects of the disease which still remain obscure. The immunization 
of female rabbits to the G or g factors during pregnancy, and the passage of 
these antibodies from mother to fetus, will be described in the accompanying 
paper (3). The functional and morphological changes in the fetus that result 
from the intrauterine transmission of maternal anti-G or anti-g  antibodies  in 
rabbits will be reported in a subsequent communication (4). 
SUMMARY 
A pair of blood group factors, designated G and g, was identified in rabbits 
by serological  means. These factors were found to be alleles,  and one or the 
other or both of them were regularly present in the red cells of every one of a 
large number of mongrel and inbred rabbits. The factors were not demonstrable 
in other tissue cells or in the body fluids. They were capable of stimulating the 
formation of specific immune isoantibodies when repeatedly injected into ap- 
propriate rabbits. 
In most instance both agglutinating  and coating antibodies to the G or g 
factors were present in a given antiserum. The  coating  antibodies-which did 
not act as true blocking antibodies-were detected by means of an antiglobulin 
test  (Coombs test),  or by means  of specific cells modified by the action of 
trypsin. The antibodies were heat-stable and were active over a wide tempera- 
ture range; and under suitable conditions, they proved to be potent hemolysins 
and also capable of fixing complement. 
The characteristics of the antigens and antibodies of the rabbit G-g system 
bear a striking resemblance to those of the Rh-Hr system of man. 
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